Because of the recent awareness that vancomycin doses should aim to meet a target area under the concentration-time curve (AUC) instead of trough concentrations, more aggressive dosing regimens are warranted also in the pediatric population. In this study, both neonatal and pediatric pharmacokinetic models for vancomycin were externally evaluated and subsequently used to derive model-based dosing algorithms for neonates, infants, and children. For the external validation, predictions from previously published pharmacokinetic models were compared to new data. Simulations were performed in order to evaluate current dosing regimens and to propose a model-based dosing algorithm. The AUC/MIC over 24 h (AUC 24 /MIC) was evaluated for all investigated dosing schedules (target of >400), without any concentration exceeding 40 mg/liter. Both the neonatal and pediatric models of vancomycin performed well in the external data sets, resulting in concentrations that were predicted correctly and without bias. For neonates, a dosing algorithm based on body weight at birth and postnatal age is proposed, with daily doses divided over three to four doses. For infants aged <1 year, doses between 32 and 60 mg/kg/day over four doses are proposed, while above 1 year of age, 60 mg/kg/day seems appropriate. As the time to reach steady-state concentrations varies from 155 h in preterm infants to 36 h in children aged >1 year, an initial loading dose is proposed. Based on the externally validated neonatal and pediatric vancomycin models, novel dosing algorithms are proposed for neonates and children aged <1 year. For children aged 1 year and older, the currently advised maintenance dose of 60 mg/kg/day seems appropriate.
I
n the pediatric population, drugs are often administered in an off-label or unlicensed manner (1) . While pediatric dosing regimens are mostly empirically derived using extrapolations based on body weight (2, 3) , it has been shown before that dosing in children should be guided by the understanding of developmental changes in the pharmacokinetic and/or pharmacodynamic relation of drugs (2, 4, 5) . More specifically, translation of results from pharmacokinetic modeling studies has been shown to result in individualized dosing guidelines for many different drugs in pediatric clinical practice (5) (6) (7) (8) (9) .
The antibacterial agent vancomycin is commonly used to treat infections caused by Gram-positive organisms, like methicillinresistant Staphylococcus aureus (MRSA) and amoxicillin-resistant Enterococcus species, in both adults and pediatric patients (10) . In neonates, MRSA infection is relatively rare, and coagulase-negative staphylococci are the most commonly identified infectious organisms necessitating vancomycin treatment (11, 12) . For vancomycin, it has been shown that bacterial killing of S. aureus is best predicted by the area under the concentration-time curve over 24 h (AUC 24 ) divided by the MIC for the infecting pathogen (AUC 24 / MIC) (13) (14) (15) . In adult patients, an AUC 24 /MIC of Ն400 resulted in a superior clinical and bacteriological response (16, 17) . Because of the recent awareness that vancomycin doses should aim to meet a target AUC or exposure instead of trough concentrations (18) , more aggressive dosing regimens are warranted also in the pediatric population. Depending on the population and the dosing frequency, target trough concentrations that can be used to adjust the dose in an individual child in clinical practice (therapeutic drug monitoring [TDM] ) can be derived that will lead to the target AUC 24 (19) (20) (21) .
The exposure or AUC of vancomycin is dependent on the primary pharmacokinetic parameter total body clearance, which is known to vary widely between infants and children of different ages, especially in the heterogeneous group of preterm neonates (19, 20, (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . Despite the large number of proposed vancomycin dosing regimens currently available for neonates and infants (10, 11, (37) (38) (39) (40) (41) , studies reporting on the results of therapeutic drug monitoring show that the target trough concentrations are difficult to attain in clinical practice (42) (43) (44) (45) . In accordance with reported clinical practice in adults, continu-ous dosing has also been investigated in neonates, infants, and children (31, 34, (46) (47) (48) (49) .
In previous reports, the developmental changes in vancomycin pharmacokinetics have been characterized in both neonates and children with normal renal function (defined as serum creatinine two to three times higher than the age-related reference value) (22, 23) . Both models were based on a very large number of patients and internally validated (22, 23) . In order to further investigate the predictive performance of these models, an external validation procedure with external data sets is needed (2) (3) (4) (5) . This external validation is necessary to allow the use of the model for deriving model-based dosing algorithms (3) (4) (5) .
The aim of the current study is therefore to evaluate the predictive performance of the previously published neonatal and pediatric pharmacokinetic models (22, 23) against an external vancomycin data set containing preterm and term neonates and infants. The model is then used to evaluate currently used dosing regimens (37) (38) (39) (40) in terms of target exposure. Based on the results of these simulations, a model-based vancomycin dosing algorithm for intermittent and continuous dosing will be derived that can be used in prospective clinical trials to optimize vancomycin treatment for neonates, infants, and children.
MATERIALS AND METHODS
Original models. Previously, population models both for neonates (22) and for infants and children (23) have been developed in which the developmental changes in vancomycin pharmacokinetics in neonates and children were characterized. In the neonatal model (22) , birth body weight (bBW), postnatal age (PNA), and the coadministration of ibuprofen (with ibuprofen set at a value of 1 in the case of ibuprofen coadministration and a value of 0 in the case of no coadministration) were identified as covariates for clearance (equation 1) while current body weight (cBW) was found as a covariate for the central volume of distribution (equation 2). In these equations, Cl i represents the clearance in the ith individual, V c,i is the central volume of distribution in the ith individual, Q i is the intercompartmental clearance in the ith individual, and V p,i is the peripheral volume of distribution in the ith individual. 
In the pediatric model (23), cBW was identified as a covariate for both clearance (equation 5) and the central volume of distribution (equation 6).
External model validation and evaluation. Model validation using external data sets was performed using NONMEM, version 7.3 (Icon Development Solutions, Hanover, MD). Tools like PsN, version 4.2.0 (University of Uppsala, Sweden) (50) , and R, version 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria), were used to visualize data and evaluate the model. External validation was performed with an external data set containing TDM data which were not used for model development (42) . This external data set (42) consisted of both (pre)term neonates and young infants (PNA up to 169 days; n ϭ 206). An overview of the internal (model-building) (23, 24, 51) and external (42) data sets is given in Table 1 .
For the external validation, previously published pharmacokinetic models (22, 23) were used to simulate each of the observations of the data sets 1,000 times. Normalized prediction distribution errors (NPDE) (52, 53) were computed for each of the data sets. The NPDE were statistically and visually evaluated for trends and bias. The NPDE were expected to follow the normal distribution, N(0, 1).
Simulations. Concentration-time profiles were simulated in neonates and children for different dosing regimens reported in the Dutch Children's Formulary (37), British National Formulary for Children (BNFc) (38) , the regimen proposed by the Infectious Diseases Society of America (IDSA) (39) , and the meningitis regimen of the NeoFax manual (40) (see Table S1 in the supplemental material), using the parameter estimates from the original models (22, 23) . Simulations were performed in six representative individuals (gestational ages [GA] of 24, 34, and 40 weeks and a PNA of 2 weeks and infants/ children aged 6 months, 4, and 12 years (see Table S2 ). Infusion duration was 1 h (maximum, 10 mg/min), and treatment duration was 7 days. The AUC 24 on day 7 was calculated noncompartmentally. For intermittent dosing, a peak concentration was simulated 1 h after the end of infusion, and a trough concentration (C trough ) was simulated just before the next dose was given (10) . For continuous dosing, a peak concentration (1 h after the loading dose) and, every 12 h, a steadystate concentration (C ss ) were simulated. Simulations were performed excluding the interindividual and residual variability. Based on the results, a model-based dosing algorithm was designed for neonates, infants, and children without renal dysfunction (defined as serum creatinine two to three times higher than the age-related reference value, similar to that of the original models [22, 23] ), aiming for a target AUC 24 /MIC of Ͼ400 (17) without peak concentrations exceeding 40 mg/liter.
RESULTS
External validation of the neonatal model. In Fig. 1a and b, the observed concentrations versus individual and population predicted concentrations are given for the neonatal model for the 191 neonates. Since the original model was built on vancomycin data from neonates with GA of Յ34 weeks, a distinction was made for neonates with GA of Յ34 weeks or Ͼ34 weeks. Extrapolation to neonates with GA of Ͼ34 weeks was evaluated because the original model used information on neonates with GA of Ͼ34 weeks from neonates receiving amikacin (22) . The results of these data, together with the results of the NPDE analysis (mean, Ϫ0.0311; variance, 1.051) (Fig. 1c) , show that the neonatal model can predict the median concentrations accurately and without bias in both preterm and term neonates. No clear trend was observed between the NPDE versus time and NPDE versus predicted concentrations for neonates with GA of Յ34 weeks or Ͼ34 weeks (Fig. 2) , indicating that no time-dependent or concentration-de- External validation of the pediatric model. In Fig. 1d and e, the observed concentrations versus individual and population predicted concentrations are given for the pediatric model for the 206 patients. The results of these figures and the NPDE analysis (mean, Ϫ0.0536; variance, 1.215) (Fig. 1f) show that the pediatric model can predict the median concentrations accurately.
Simulations of currently used dosing guidelines. Figure 3 shows concentration-time profiles during vancomycin treatment for six representative individuals with current body weights varying between 0.640 kg and 45 kg following four different dosing regimens currently proposed, i.e., Dutch Children's Formulary (37), BNFc (38) , IDSA (39) , and NeoFax (40) . In neonates, the dosing regimens as suggested by the Dutch Children's Formulary (37), BNFc (38) , and NeoFax (40) generally led to an AUC 24 below 400 mg · h/liter, except for some younger individuals (i.e., individual 1, with a cBW of 640 g) for the Dutch Children's Formulary (37) and individual 2 (cBW of 2.27 kg) for the BNFc regimen (38) (Fig. 3) . After treatment according to the regimen suggested by IDSA (39), the AUC 24 was above 400 mg · h/liter (Fig. 3) . The concentrations in the smallest individual (individual 1), treated according to IDSA (39), exceeded 40 mg/liter (Fig. 3) . Individuals 4 to 6 treated according to the regimens in the Dutch Children's Formulary (37) and the BNFc (38) generally had AUC 24 values below 400 mg · h/liter at day 7 (Fig. 3) . Dosing as suggested by the IDSA (39) led to AUC 24 values above 400 mg · h/liter for all individuals (Fig. 3) .
Simulations to derive a model-based dosing regimen. Using the externally validated neonatal and pediatric models, simulations were performed aiming for individualized dosing guidelines for neonates, infants, and children. The model-based dosing algorithm is anticipated to result in an AUC 24 at day 7 above 400 mg · h/liter. Table 2 shows these model-based dosing algorithms, Table S1 in the supplemental material) dosing guidelines and model-based dosing algorithms (Table 2) were used. GA, gestational age; PNA, postnatal age; cBW, current body weight. The dotted lines indicate the target concentrations (10 to 15 mg/liter for trough concentrations upon intermittent dosing and 15 to 25 mg/liter for steady-state concentrations upon continuous dosing) and concentrations above which toxicity might occur (40 mg/liter). Concentrations outside the target and peak concentrations above 40 mg/liter are indicated by black dots. AUC 24h , calculated area under the concentration-time curve (mg · h/liter) on the seventh day of treatment.
which are based on bBW, PNA, and the coadministration of ibuprofen for neonates and on cBW for infants and children. To calculate the dosages, cBW should be used for neonates, infants, and children. Compared to the currently used dosing regimens (37, 38, 40) , the dosing frequency is increased to three to four doses/day for neonates and young infants to prevent high peak concentrations. For children aged 1 year and older, the dosing as suggested by IDSA (39), 60 mg/kg/day in four doses, is maintained.
In neonates, time to steady state varied between approximately 155 h in a 1-week-old preterm neonate to 50 h in a 2-week-old term neonate (Fig. 3) . For the pediatric population (Ͼ1 month of age, irrespective of GA), the data in Fig. 3 show that the concentration in young infants reaches steady state after approximately 45 h, which decreases to approximately 36 h in children aged 1 year and older. In order to reach steady state more rapidly, a loading dose (Table 2) is proposed. After implementation of the loading dose, the AUC 24 on the first day of treatment will be above 400 mg · h/liter, which is not the case if no loading dose is given (Table  3) . Similar results are obtained after implementation of a loading dose for continuous dosing (results not shown).
DISCUSSION
In this study, both neonatal (22) and pediatric (23) vancomycin models have been validated externally. Based on these models, currently used dosing regimens have been evaluated upon which a model-based dosing algorithm was proposed for intermittent and continuous administration of vancomycin in neonates and children. An AUC 24 /MIC of over 400 was the aim. The results show that for this AUC, the target C trough after intermittent dosing was 10 to 15 mg/liter, and the target C ss after continuous dosing was 15 to 25 mg/liter.
In order to facilitate the development of rational drug dosing schemes in the pediatric population, new approaches are needed (2) (3) (4) (5) . At this moment, several pediatric pharmacokinetic models of vancomycin have been published (19-34, 36, 54-59) , but only few individualized, model-based dosing algorithms are available (25, 27, 30, 34, 57, 59) . In clinical practice, target concentrations and AUC 24 /MIC values are hard to achieve (42) (43) (44) (45) 60) . Simulations based on two models (22, 23) , that are now validated internally and externally, showed, indeed, that adapted doses are needed, especially for neonates and young infants. In the neonatal model (22), clearance is dependent on birth body weight and postnatal age of the neonates and the coadministration of ibuprofen. In the pediatric model (23) , the changes in clearance were described with a body weight-dependent exponent model based on current body weight. These clinical characteristics were taken into account in the developed model-based dosing algorithm (Table  2) , and simulations showed that the target AUC 24 /MIC and C trough were reached (Fig. 3) . According to several currently used dosing regimens (37, 38, 40) , the daily dose should be administered in two to three doses/day. For neonates and infants, this was increased to three to four doses/day in the model-based dosing algorithm. Four doses/day are needed when high dosages are needed to remain within the target for C trough ; otherwise these high dosages will increase the probability of concentrations exceeding 40 mg/liter. An AUC 24 /MIC of Ͼ400 has been associated with clinical success in adult patients with MRSA infections (16, 17) . Whether this target is directly applicable to children has to be determined (60) . For neonates, lower targets may suffice as most of the identified infectious organisms are coagulase-negative staphylococci instead of MRSA (11, 12) . It has been reported that if the MIC is Ͻ1 mg/ liter, 60 mg/kg/day seems necessary to reach an AUC 24 /MIC of Ͼ400 in children (20, (60) (61) (62) .
In daily clinical practice the calculation of the AUC 24 is not reliable on the basis of the TDM samples only. Therefore, C trough is mainly used as a surrogate predictor of AUC 24 although the C trough is dependent on the dosing interval. One can debate what the proper C trough target range for neonates and infants is. IDSA recommends 15 to 20 mg/liter for severe infections after dosing two to three daily for adults and four times daily for children (39) . Frymoyer et al. showed that a C trough of 7 to 11 mg/liter after once/twice-daily dosing is appropriate for reaching an AUC 24 / MIC of Ͼ400 in neonates (19) . Other studies also showed that a C trough of around 8 mg/liter is appropriate for reaching the AUC 24 / MIC target in children (20, 21) . The currently proposed dosing algorithm results in target trough concentrations between 10 and 15 mg/liter, with the data in Fig. 3 showing that the AUC 24 /MIC target of Ͼ400 is reached if the MIC is below 1 mg/liter.
Reaching the target AUC 24 /MIC in the first hours of treatment is associated with better outcomes (16) . Studies in both adults (63) and neonates (34) show that higher concentrations are reached when a loading dose is given than with conventional dosing. By the implementation of a loading dose, steady-state concentrations can be reached sooner, especially in neonates where the elimination half-life is much longer than that in children and adults. At this moment, insufficient information is available regarding the safety of the administration of a vancomycin loading dose. Therefore, one could consider prolonging the infusion duration when a loading dose is given to reduce the risk of possible infusion reactions (17, 39) . For intermittent dosing, the maximum loading dose is 1,200 mg to limit the infusion time to 2 h, allowing for the infusion line to be used for other drugs. The simulations of the model-based dosing algorithms have shown that the target concentrations for both intermittent and continuous dosing were reached within 24 h after administration of the loading dose (Table 3). The proposed loading dose, especially the loading dose for intermittent dosing, has to be tested in daily practice to confirm the safety of these dosages. For continuous dosing, a reduction in the loading dose compared to the loading dose suggested for intermittent dosing is proposed as the maintenance infusion starts immediately after the loading dose.
Continuous infusion of vancomycin has several advantages over intermittent infusion, for example, decreased pharmacokinetic variability and increased ease of TDM (18, 64) . It has been shown in adults that continuous administration decreases the risk of nephrotoxicity compared to that with intermittent administration (64) . However, although the number of neonates reaching the target concentrations increased with continuous dosing, TDM still seemed to be necessary (34) . On the other hand, continuous vancomycin dosing might be problematic in neonatal clinical practice, especially in preterm neonates, because there may not be intravenous access available for this continuous infusion.
The data used for the external validation of the neonatal model consisted of both preterm and term neonates (42) , and the model proved to be good in terms of predictive performance for both groups (Fig. 2) . This is remarkable as the vancomycin data used for building the neonatal model consisted of preterm neonates only (GA up to 34 weeks) (Table 1) (51). However, for the vancomycin model (22) , a neonatal amikacin covariate model (6) was used for extrapolation, for which data from both preterm and term neonates were available (6) . This amikacin covariate model has been extrapolated not only to vancomycin but also to tobramycin, gentamicin, and netilmicin (22) . For all other antibiotics, data were from both preterm and term neonates, and no prediction bias in term neonates could be observed for any of these antibiotics. Finally, an independent research group has successfully used the amikacin covariate model (6) to predict vancomycin clearance in both term and preterm neonates (36) . Therefore, our conclusion that the model is valid for both preterm and term neonates seems justified. As shown in Table 1 , similar percentages of the neonates included in model building (8.4%) and validation (6.8%) received ibuprofen. In the data set used for developing the amikacin covariate model, 13.5% received ibuprofen (6) . Therefore, the proposed dosing algorithm is valid for both neonates receiving ibuprofen and those not receiving ibuprofen.
The original pediatric model was built using data from neonates, infants, children, and adolescents (Table 1) . This model was developed to define a function to describe the maturation in glomerular filtration rate (GFR) (23) . Adult GFR levels, expressed per unit of body surface area, are reached at approximately 6 to 12 months of age (65) (66) (67) (68) . External validation of this model was limited to neonates and young infants up to 6 months of age since no additional data were available. As the GFR approaches adult values at 6 to 12 months, the period where most developmental changes happen is covered by this external validation. For older infants and children, an additional external validation procedure should be performed. Based on these results, the proposed dosing algorithm should be adapted when necessary, with particular focus on infants older than 169 days.
In conclusion, both the neonatal and pediatric models could describe the data in the external data set well. This study shows that with currently used dosing regimens, the target AUC 24 /MIC and trough concentrations are hardly reached in neonates and young infants, whereas the model-based dosing algorithm results in the target exposure after both intermittent and continuous dosing. For children aged 1 year and older, the currently used dose of 60 mg/kg/day seems appropriate. In order to reach an AUC 24 / MIC of Ͼ400 on the first day of treatment, a loading dose should be administered. A prospective clinical study is warranted in order to validate the model-based dosing algorithm. 
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